As oncogenes drive carcinogenesis and promote cancer cell survival, they are highly attractive therapeutic targets, and oncogene-targeting small molecules have achieved some clinical success. While many oncogenes are presently considered to be "druggable," tumors often acquire treatment resistance, and patients are rarely cured in response to oncogenespecific treatment. In this issue of the JCI, Veatch and colleagues describe a patient with metastatic acral melanoma who experienced a complete tumor response following infusion of tumor-infiltrating T cells that targeted multiple tumor antigens, including a BRAF V600E driver mutation. T cells genetically engineered to express an anti-BRAF V600E T cell receptor (TCR) from the patient demonstrated recognition of an epitope that spanned the BRAF V600E mutation. These findings suggest that BRAF V600E might be targeted therapeutically with adoptive transfer of anti-BRAF V600E T cells. This research supports the emerging therapeutic paradigm of targeting oncogenic drivers with T cell immunotherapy.
The intersection of molecular therapy and immune therapy
Molecularly targeted therapy aims to inhibit or kill cancer cells by interfering with specific molecular pathways that promote tumor growth and survival. In some cases, this can be achieved by a small molecule drug. The most successful example of a therapeutic small molecule is imatinib, which targets the BCR-ABL fusion protein, the product of the Philadelphia translocation of chronic myelogenous leukemia (CML). In CML patients, response rates to imatinib are high, and prolonged suppression of disease is possible. There have been other major advances for targeted therapies, but the success achieved in CML has not been replicated at the same level in other types of cancer. The lack of efficacy appears to be related to the ability of tumors to overcome molecular pathway blockade by a panoply of mechanisms, including upregulation of other pathways and acquisition of resistance mutations in the target protein-encoding gene (1, 2) . The small molecule approach has been further constrained by a dearth of drugs that safely target some of the most promising oncogenes, such as mutant KRAS.
An alternative strategy to targeting driver oncogenes may be to use T cell receptor (TCR) gene-engineered T cells (TCR-T cells) (3) (Figure 1 ). For this approach, T cells are genetically engineered ex vivo to express a TCR that recognizes the complex of peptide (in this case one unique to a driver oncoprotein) bound to a patient HLA molecule. These engineered T cells are then administered systemically to the patient. The intent is to harness the physiological function of T cells in the elimination of cells that harbor intracellular pathogens and direct it to the destruction of tumor cells that harbor intracellular driver oncoproteins. This strategy may overcome some of the inherent limitations of small moleculebased treatments. For example, direct killing of tumors by T cells may provide less opportunity for upregulation of compensatory pathways or acquisition of secondary resistance mutations than indirect killing by pathway inhibition. In addition, TCR-T cell therapy can be specifically directed against a target that is only present in tumor cells (i.e., a protein encoded by a mutant protooncogene, an oncogenic fusion protein breakpoint, or a viral oncoprotein). Because of this specificity, TCR-T cell therapy may result in less toxicity to healthy tissues than treatment with molecularly targeted small molecules. Finally, TCR-T cell therapy has the potential to target so-called undruggable oncogenes, as TCRs can, in theory, be generated against any protein.
Emerging evidence
Several lines of evidence suggest that oncogenic drivers, including some oncoproteins regarded as undruggable, might indeed be effectively targeted with TCR-T cell therapy. In one study, patients with metastatic cervical cancer received tumor-infiltrating lymphocytes (TILs) that possessed reactivity against HPV E6 and/or E7 oncoproteins. Two of 9 patients treated with HPVtargeting TCR-T cells experienced complete tumor responses (4); however, in this study, non-oncoprotein tumor antigens were also targeted, precluding definitive conclusions about which antigens were responsible for tumor regression (5) . A recent clinical trial of TCR-T cells that target HPV-16 E6 has provided more direct evidence to suggest that an HPV oncoprotein can be targeted with TCR-T cells (6, 7) . In this report, 2 of 12 patients with metastatic HPV + cancers experienced tumor responses (2 of 9 patients treated at the highest dose of TCR-T cells). Further insight into the targeting of HPV oncoproteins with TCR-T cell therapy is expected from an ongoing clinical trial of T cells directed against HPV-16 E7 (https:// clinicaltrials.gov/; NCT02858310) (8) .
As oncogenes drive carcinogenesis and promote cancer cell survival, they are highly attractive therapeutic targets, and oncogene-targeting small molecules have achieved some clinical success. While many oncogenes are presently considered to be "druggable," tumors often acquire treatment resistance, and patients are rarely cured in response to oncogene-specific treatment. In this issue of the JCI, Veatch and colleagues describe a patient with metastatic acral melanoma who experienced a complete tumor response following infusion of tumor-infiltrating T cells that targeted multiple tumor antigens, including a BRAF V600E driver mutation. 
Challenges ahead
The concept of bringing T cell therapy to bear on the targeting of oncogenic pathways is appealing but has practical limitations. For example, each TCR-T cell treatment is restricted to a specific HLA molecule that presents the targeted oncoprotein epitope to the therapeutic T cells, thereby decreasing the number of patients who can be treated with any given TCR-T cell therapy. Additionally, application of this approach may be constrained to certain antigens, because some target epitopes may not bind well to HLA molecules with high allelic frequency. Another consequence of HLA restriction is that tumor loss of HLA expression might permit escape. HLA loss is a well-described phenomenon, but its frequency and impact on immunotherapy is increasingly appreciated. A recent study found HLA loss of heterozygosity (LOH) in 40% of non-small cell lung cancers and revealed genomic evidence that HLA LOH was linked to immune-driven selection pressures (13) . HLA loss was also reported as the cause of tumor resistance in a patient with a partial response to a TIL infusion that targeted mutated KRAS (9) . In addition to HLA loss, other mechanisms of tumor resistance to oncoprotein-targeted TCR-T cell therapy may be important in limiting efficacy. Intratumoral genomic heterogeneity may result in clones that do not express the targeted oncogene (14, 15) . Mutations, deletions, and/or reduced expression of molecules involved in antigen processing and presentation by tumor cells may also contribute to resistance (16) . Finally, some tumor cells may harbor mutations that blunt their sensitively to T cell effector molecules, such as IFN-γ (16) (17) (18) .
Bringing the promise to patients
Personalized cancer therapy based on targeting the molecular drivers of an individual patient's cancer are yielding new and effective treatments. TCR-T cell therapy targeting of oncoproteins by therapeutic T cells (11) . The authors describe a patient with metastatic acral melanoma who experienced a complete response to TIL therapy that targeted BRAF V600E and other tumor antigens. Interestingly, the patient had previously been treated with a checkpoint inhibitor that failed to induce complete tumor regression. The patient's tumor harbored 29 nonsynonymous missense mutations, including BRAF
V600E
. Twenty mutations were selected (based on variant allele frequency and/or evidence of gene expression) and tested for recognition by TILs. Only the BRAF V600E mutation was recognized, and this recognition of was mediated by CD4 + T cells and restricted by the HLA-DQA1*03/DQB1*03 class II molecule, which is common in many populations (12) . The sequences of the α-and β-chains of a BRAF V600E -targeted TCR from this patient were identified, and T The potential of therapeutic T cells to target oncogenic drivers is also supported by a case report of a patient with metastatic colorectal cancer who experienced a partial response after treatment with TILs that predominately targeted mutant KRAS G12D (9) . The number of patients who underwent surgery for the generation of TIL cultures to achieve this single result was not reported, and the general applicability of the approach is uncertain. Nonetheless, this case supports the principle that adoptively transferred T cells can target oncoproteins that are not druggable with small molecules. A strategy for more consistent targeting of KRAS mutations, through TCR gene-engineered T cells directed against HLA-A*11:01-restricted epitopes of KRAS G12V and KRAS G12D , has also been described and may be more broadly applicable to other cancers (10) .
In this issue, Veatch and colleagues have provided additional insight into the adds further personalization to molecularbased strategies by defining a cancer by the oncogenic-driver and by the HLA type of the patient and by treating the cancer with a therapy derived from the patient's own T cells. For this approach to be broadly applicable, a library of therapeutics that can be matched to a tumor antigen and to a patient HLA molecule may be needed. Discovery and development of treatment libraries may require new clinical trial and regulatory process paradigms. While much remains to be done, the work by Veatch and colleagues helps reveal a vision in which the strength of T cell therapy is combined with the precision targeting of oncogenic drivers for the benefit of patients with cancer.
